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I. Introduction 

We consider here the design and measurement of an Ultra-Wideband (UWB) unzipper balun at 
high voltage. This work is an implementation of the design principles first outlined in [1]. Previously, 
low-voltage measurements on a scale model were provided in [2]. 

Let us review the factors that lead to the need for high-voltage baluns. First, most of the high- 
voltage UWB sources have a coaxial, or single-ended output to keep the design simple. Second, the high 
voltages require that circuit elements be electrically large. Finally, the fast risetimes require that circuit 
elements be built electrically small. Clearly, the requirements must lead to a compromise in size. 

We begin with a summary of the design principles and a description of the device. Next, tw 
provide low voltage measurements of the device in air, with no transverse electromagnetic (TEM) horn 
or lens attached. Finally, we provide measurements of the balun at low voltages in oil, with the TEM 
horn, lens, and oil box attached. 



II. Zipper Design 

We begin by looking at the drawings of the zipper balun. Drawings of the balun cross 
sections are provided in Figure 2.1. These were spread out over an eight-inch length, so they are 
separated by two inches. The center conductor is a round cylinder with diameter 3 cm (1.181 in). 

Let us now consider how the zipper fit between the pulser and antenna. Drawings of how 
the balun fits between the pulser and antenna are in Figures 2.2-2.4. The impedance tapered 
form 8 Q at the output of H3 to 20 Q at the beginning of the zipper, and then to 50 Q at the end 
of the zipper. At the end of the oil box, there is a lens and a Brewster window, through which the 
field is passed that converts the antenna to free space. 

There are two principles of operation at work in this zipper configuration. First, we 
wanted to keep the peak field on the center conductor below a maximum value, which we 
estimated to be 2 MV/cm at all points along the center conductor. It was shown using the finite 
element method in [1] that along the length of the unzipper, the field is never any larger than the 
field at the center of the coaxial feed section. This makes it easy to provide an upper bound on 
the electric field at any point along the line. Thus, the peak field is the field on the center 
conductor of the feed coax. From [1, eqn. 4.2], this is just 

Em„   = V° .  . (2.D 'max a \n(b I a) 

where a and b are the inner and outer radii of the coaxial feed, and V0 is the peak voltage output 
of the pulser. Using the values a = 1.5 cm, b = 2.54 cm, and V0 = 1 MV, we find a peak field of 
1.3 MV/cm. Thus, we are well within our previously stated specifications. 

Let us consider now how we arrived at the conclusion that we wanted to keep the peak 
electric field below 2 MV/cm. In [3], J. C. Martin gives the rule that breakdown of oil occurs 
when 

F3/2t = k (2.2) 

where F is the average field in a gap, in MV/cm, t is the pulse duration in [is, and k is a constant 
equal to .08 for transformer oil. For an average field of 2 MV/cm and a pulse duration of 
0.002 /is = 2 ns, we find F3/2 t = .005, which is well below the value of .08 provided by Martin. 
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Figure 2.1. Balun unzipper at five cuts along the cross section. Units shown are inches. 
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Figure 2.4. Front view of the TEM horn. 

Next, we consider the dispersion along the length of the zipper. This is the difference in 
path lengths between the a ray that travels straight through the zipper, and a ray that follows the 
longest possible path along the outside of the unzipper. It was shown in [1, eqn 6.3] that an 
upper bound on the time difference is 

'delay   =        2^c 
(2.3) 

where b is the outer radius, £ is the transition length, er is the dielectric constant, and c is the 
speed of light in air. Using the numbers er = 2.2, b = 2.54 cm, and £ = 20.32 cm, we find the 
dispersion is equal to 77 ps. If, for example, the source waveform was expected to have a 
risetime of 250 ps, this dispersion would be small compared to the risetime. We can estimate the 
risetime at the output by adding the risetime of the source in quadrature with the dispersion, and 
we obtain 262 ps. So once again, we are within our specifications. 

Having provided the basis for the design, we now consider low-voltage measurements. 



III. Low-Voltage Balun Measurements in Air Without Oil or Antenna 

We begin now with measurements of the coaxial unzipper in air. We performed this 
measurement as a preliminary measurement before immersing it in oil, which is somewhat more 
difficult to implement. 

The test configuration is fed at the source end by standard 50 Q. cable into a conical 30 Q 
expansion section. This configuration is shown in Figure 3.1. The straight section is 30 Q, since 
there is no oil ( it would be 20 Q. in oil). A TDR is taken with the Tektronix 11801B digital 
sampling oscilloscope, using the built-in pulser in the SD-24 sampling head. The 
instrumentation for this configuration is shown in Figure 3.2. 

Data from the TDR measurement is shown in Figure 3.3. The zipper shows a smooth 
transition from 30 Q. to 70 Q, in air. In oil, this corresponds to a smooth transition from 20 Q. to 
47 Q. We had originally intended that the impedance transition to 50 Q, so we are close to our 
targeted impedance at the far end. 

Next, we measured the fields before and after the zipper. The configuration is shown in 
Figure 3.4. It consists of a PSPL 4600A pulser, with risetime 71 ps, driving the balun at one end, 
and with sensor locations after the zipper. Sensors consisted of a bulkhead SMA connector with 
center conductor extended through the conductor by 2.54 mm (0.1 in). These sensors detect the 
derivative of the field. 

The raw data for the measured fields just before and after the zipper are shown in Figure 
3.5. The FWHM of the waveforms before and after the zipper are 63 ps and 80 ps, respectively. 
If we subtract these two numbers in quadrature, we obtain an impulse response for the zipper of 
49 ps FWHM. Recall that in the previous section we estimated that this zipper would introduce 
77 ps of dispersion into the system. So we have actually introduced less dispersion that we had 
originally projected. 

Finally, we can take the ratio of the output and input waveforms in the frequency domain. 
This gives us an idea of how high in frequency the balun is effective. The result is shown in 
Figure 3.6. We see here that the balun is effective up to about 8 GHz, after which it begins to 
roll off at the high end. 

Having provided data in air, we now immerse the balun in oil and provide measurements 
with the antenna and lens attached. 
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IV. Measurements in Oil With the Antenna 

We next consider measurements that were taken with the zipper in the oil box, and with 
the lens and TEM horn attached. We made several attempts to provide measurements using the 
H3 pulser, but we were unable to get data with H3. Therefore, we built an adapter than would 
allow us to take low-voltage data, driving it instead with a Picosecond Pulse Lab 2600, 40 V step 
with a risetime of around 350 ns. 

First, we provide a TDR of the overall system. A sketch of the experimental setup is 
shown in Figure 4.1. For a source, we used just the 0.25 Volt source built into the SD-24 
sampling head of the Tektronix 11801B. The data is shown in Figure 4.2. We can see the 50 Q 
cabling at the beginning, and an abrupt transition to the 20 Q output feed section. Then there is a 
gradual transition from 20 to 50 Ohms, due to the unzipper. There is a sudden jump up to 60 Q 
when the ground plane is bent to begin the conductor separation for the TEM horn. The 
impedance then increases out along the length of the antenna. 

Next, we provide data on the PSPL 2600 source, including the cabling that was used to 
connect it to the pulser. The measured data is shown in Figure 4.3. The source is a step 
waveform with risetime of about 350 ps. 

Using PSPL 2600 source, we now measure the field at three test points along the length 
of the balun. The location of the sensors and test setup is shown in Figure 4.4. Sensor #1 is 
located close to the source. Test point #2 is located after the zipper in the oil box, and test point 
#3 is located outside the oil box. 

A list of the sensors used is provided in Table 4.1, along with their calibration factors. 
These sensors were provided to us by Voss Scientific. It was observed that the top of the sensors 
sits about 1.5 mm (0.060 in) below flush with the conductor, so the calibration factors are 
probably off somewhat. 

The data for each of the three sensors is shown in Figures 4.5 through 4.7. Note that this 
is raw data, and has not been compensated for the source and cables. At sensor #1, we can see a 
reflection from the zipper occurring between 6 and 8 ns, due to the change in impedance at the 
zipper. 

Next, we provide radiated field measurements. The test configuration is shown in Figure 
4.8. We used a free-field E-dot sensor (Prodyne AD-70(R)) with a balun (Prodyne BIB-100F) to 
make the measurement 1.0 meter in front of the TEM horn. The raw derivative voltage data is 
shown in Figures 4.9. At one meter distance, we are seeing the second derivative of the driving 
voltage. Note that one derivative is introduced by the sensor, and one derivative is introduced 
the antenna, which is expected to radiate the derivative of the driving voltage. 

Next, we wish to convert the raw measured voltage to an electric field. To do so, we 
must recognize that what we are measuring with our D-dot sensor is 
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dE(t) 
dt 

V(t)   =   KbalRAeqe0—¥- (4.1) 

This is a slightly modified version of the formula for the measured voltage of a D-dot sensor. 
The modification is the attenuation factor, A^a/, which just represents the attenuation of the 
signal through the Prodyne balun. For our sensor, R = 100 Q., Aeq =- 10-3 m, and e0 = 8.854 x 
1Q-12 p/m Furthermore, the manufacturer specifies that the loss through the balun is 8 dB, so 
Kbal= 0-4. We can now invert the above equation to obtain the measured electric field as 

E(t)   =    K     RA    s   fr®* (4-2) KbalKAeq£o    u 

Note that both the sensor and balun calibrations can in general have some frequency dependence, 
but we have assumed that we are operating in a linear regime. The integrated field data is shown 
in Figure 4.10. We see at a 1 meter distance from the aperture a peak electric field of 34 V/m, 
using the PSPL 2600 source. Note that the antenna aperture is 1.1 meters from the phase center 
of the antenna, so the sensor located at 1 meter in front of the aperture is actually 2.1 meters from 
the phase center. 

Let us consider now how to scale the above result to parameters that are more typical of 
high-voltage parameters. Assume that we wish to know the field at 100 m distance, when the 
voltage at the 20 Q input section is 1 MV. The field is directly proportional to the voltage, and 
inversely proportional to the distance. So the measured field of 34 V/m will scale by factors of 
(106/38) in voltage and (2.1/100) in distance. This leads to an estimate of 19 kV/m at 100 m. 

The above estimate requires a number of qualifications. First, we have assumed that the 
risetime of 350 ps remains the same in the high-voltage version. If the high-voltage pulse is 
faster, then the radiated field becomes faster by the ratio of risetimes. Second, we have assumed 
that the sensor is in the far field at a one-meter distance from the antenna aperture. It is only in 
the far field that the magnitude is inversely proportional to distance. However, note that if the 
sensor really was in the near field, then our estimate would be on the low side of the actual 
number. 
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Figure 4.2. TDR Data of balun with oil and antenna. 

Source:   PSPL 2600 with Cabling 

Figure 4.3. The step source waveform, PSPL 2600 with cabling. 
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Table 4.1. Self-Integrating E-field (SIE) Sensors 

Location Sensor Calibration Factor 
1 F104/F6 6.15 xlO"6 

2 F111/M2 7.72 x 10-6 

3 F106/M5 7.8 x 10-6 

12 
x 10                                                       oellsl- r  i 
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i                          i 
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Figure 4.5. Measured step response at Sensor #1. 
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Figure 4.6. Measured step response at Sensor #2. 
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Figure 4.7. Measured step response at Sensor #3. 
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E-field, 1 Meter In Front of Aperture 

o > 

0.03 

T 1 1 1  

0.02 - 

0.01 

A                                                     « 

0 

0.01 

J 1 1       *S**\.    /\   /V^-v     . ->_^\_ /\  A              y-\.    1  \ / U^r   \/\/^\r/~s^' VV-/M v 

0.02 - 

0.03 

n rid 

1 
J i      i i  

10 15 
Time (ns) 

20 

Integrated E-field, 1 Meter In Front of Aperture 

10 15 
Time (ns) 

20 

25 

25 

Figure 4.9 Field measurement 1 meter in front of the aperture, raw data (top) and integrated and 
scaled (bottom). 
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V. Discussion 

Having built and tested the balun and antenna, we now consider how it might be modified 
or improved in any future versions. 

First, we consider changes in the electrical design. In this design we chose a set of design 
parameters that might have been better suited to higher fields and faster risetimes than what is 
provided by the H3. In order to keep the dispersion to a minimum, one wants to have as small a 
diameter coaxial unzipper as possible. To do this, while passing as much energy as possible 
without breaking down, we found in [1] that the optimal impedance is 20 Q. That was why we 
chose to start our unzipper at an impedance at 20 Q, but this forced us to postpone tapering our 
impedance for a long time, and then the taper from 20 Q. to 50 Q occurred rather suddenly. A 
more gradual taper would have generated less reflections from the zipper. We believe that we 
are well within specifications for both high-voltage breakdown and dispersion within the zipper. 
Thus, we could relax our design in these areas with little effect, and get somewhat better 
performance from the H3 by using a more gradual taper. 

We have claimed above that we are well within specifications for electric field 
breakdown and dispersion in the zipper for H3. However, since we have not yet actually tested 
the device at higher voltages, this is still based only on engineering judgement. It would be far 
better to test the device at higher voltages. 

Next, we consider logistical changes in the design. We found it to be a bit clumsy to use 
RTV to seal the oil box each time we wanted to adjust the inner workings of the zipper. This 
required a several-day cycle each time we opened up the balun to make any adjustments, due to a 
requirement to let the RTV set, and then test for leaks. In the future, an O-ring seal should be 
considered. 

VI. Concluding Remarks 

We have built and tested a coaxial zipper at low voltages. Using a variety of low-voltage 
measurements we have shown that the zipper is effective as high as 8 GHz, and we have 
estimated the radiated fields at larger distances and higher voltages. 

The work that remains to be done is to test the device at higher voltages and at larger 
distances. It is hoped that this can be done soon. 
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